ABSTRACT: Over the last half of the 20th century Pyrodinium bahamense var. bahamense has been observed in a variety of locations in the western North Atlantic. Recent evidence of the toxinproducing capacity of this variety of P. bahamense has heightened interest in its habitat requirements and preferences. The objective of this study was to examine the environmental factors that relate to the spatial and temporal patterns of the distribution and abundance of P. bahamense var. bahamense. Based on the results of this study we view the factors as operating in one or more ways: (1) ecophysiological limitations for survival and successful reproductive cycle, (2) environmental regulation of growth and standing crop, and (3) competitive advantages in relation to other species. The focus of the study was the Florida peninsula, but information from other environments in the tropical Atlantic and Gulf of Mexico was included in the interpretation of the results. In terms of physiological limitations, 20°C appears to be the lower temperature limit for a significant presence of P. bahamense var. bahamense, and the salinity tolerance ranged from 10 to 45. The bloom potential of P. bahamense var. bahamense was most closely associated with shallow ecosystems with long water residence times, and peak biomass levels were correlated to nutrient concentrations in regions of high abundance. The ability of P. bahamense var. bahamense to compete effectively for habitat with other euryhaline warm-water phytoplankton is viewed in terms of existing theories on succession and competition, including Margalef's Mandala, Reynolds' Intaglio and C-S-R life-form strategies proposed by Smayda & Reynolds.
INTRODUCTION
The prominence of the toxic bioluminescent dinoflagellate Pyrodinium bahamense var. compressum in the tropical Indo-Pacific region has been extensively described (Maclean 1989 , Shumway 1990 , Hallegraeff 1993 , Smayda 1997 , Anton et al. 2000 , Azanza & Taylor 2001 ; however, the distribution of its Atlantic Ocean counterpart, P. bahamense var. bahamense, is less well defined. One of the earliest reports of P. bahamense in the North Atlantic came from the Bahamas by Plate (1906) . Later, Margalef (1961) reported blooms of P. bahamense in Phosphorescent Bay, an aquatic habitat in Puerto Rico named for the light emissions attributable to the dinoflagellate. In the early accounts of P. bahamense var. bahamense, no distinct varietal status was assigned to the Atlantic form, but subsequent morphological studies suggest that such a distinction is warranted (Steidinger et al. 1980 , although not universally accepted (Balech 1985) . Over the last half of the 20th century P. bahamense var. bahamense has been observed in a variety of additional locations in the western North Atlantic, including Oyster Bay in Jamaica (Seliger et al. 1970) , and Florida Bay (Phlips & Badylak 1996) , Indian River Lagoon , and Tampa Bay (Steidinger et al. 1980 , Badylak et al. 2006 in Florida.
are discussed within the context of current hypotheses regarding the factors that favor blooms of dinoflagellates (Margalef et al. 1979 , Reynolds & Smayda 1998 , Smayda & Reynolds 2001 , including nutrient status, hydrologic conditions, and biological interactions. As suggested by Smayda 1998, Smayda & Reynolds 2001) , 'life form properties, habitat preferences and stochastic selective processes' are more important in defining the character of succession and the magnitude of blooms than broad phylogenetic associations.
MATERIALS AND METHODS

Study site descriptions.
In an effort to describe the distribution and prominence of Pyrodinium bahamense var. bahamense within Florida, phytoplankton composition data gathered by the authors since 1993 and information from existing literature were both used in this study. In the former category, data were available for 20 sampling sites along the east coast of Florida, 18 sites in Florida Bay at the southern tip of Florida, and 34 sites along the western coast of the Florida peninsula, focusing on Tampa Bay and the Suwannee River estuary (Fig. 1) .
The northernmost sampling sites along the east coast of Florida were located in the mesohaline portion of the St. Johns River. The lower reach of the St. Johns River extends 175 km, from Lake George to the Atlantic Fig. 1 . Locations of sampling sites on the peninsula of Florida. In addition to sites examined in the current study, literature accounts of phytoplankton studies were also considered from 3 locations in the panhandle of Florida. Regions where Pyrodinium var. bahamense was not observed or reported by other researchers are shown in italics
Ocean. Due to the very shallow slope of the river basin, the influence of oceanic water can extend up to 75 km upstream of the outflow. Much of the river is shallow, i.e. < 4 m in depth, with the exception of the dredged navigational channels. Phytoplankton composition data were available for 3 sampling sites within the mesohaline portion of the river on a monthly basis for a 12 yr period from 1993 through 2005. The 5 sites were located from 4 to 70 km from the outflow. South of the St. Johns River, the sampling sites along the east coast of Florida were mostly located in the lagoonal habitats between the barrier islands and mainland of Florida. The Intra-Coastal Waterway extends for almost the entire length of the east coast of Florida connecting the various lagoons. All of the lagoons are characterized by shallow mean depth, i.e. generally < 3 m, except in dredged navigational channels. Inlets to the Atlantic Ocean are located along the entire reach of the waterway and represent the major points of water exchange with the Atlantic Ocean. Distance from the inlets is a major factor determining water residence time, along with the size of freshwater inflows from local watersheds. Sampling sites were located in 5 major lagoons. One sampling site located in the Guana-Tolomato River Lagoon, just north of St. The largest block of data was from the Indian River Lagoon, which extends 252 km from the warm temperate environment near Titusville to the subtropical region of Jupiter inlet near Ft. Pierce. The width of the lagoon varies from 0.1 to 3 km, and depths in the lagoon are generally < 3 m. A number of ecologically distinct regions exist within the lagoon, which differ considerably in water quality and hydrologic properties (Sheng et al. 1990 , Smith 1993 , Phlips et al. 2002 , 2004b . Hydrodynamic considerations are a large component in the subdivision of the lagoon into different regions. Eight study sites, representative of the different regions, were sampled on approximately a monthly basis from 1997 to 2005. Due to the restriction of water exchange in many regions of the lagoon, changes in rainfall patterns can lead to large shifts in salinity (Phlips et al. 2002 .
At the southern tip of Florida, 18 sites were sampled in Florida Bay, a restricted 1600 km 2 inner-shelf lagoon located south of the Everglades and west of the Florida Keys. Depths within the bay are generally < 3 m. A network of very shallow mud banks, located throughout the bay, restrict water exchange between the inner regions of the bay and the Atlantic Ocean and Gulf of Mexico. The locations of the 18 sites were selected to be representative of the major sub-basins within the lagoon (Phlips et al. 1996 (Phlips et al. , 1999 . Water was collected monthly from 1993 to 1997.
Along the west coast of Florida 2 major regions were included in the sampling effort, Tampa Bay and the Suwannee River estuary. Tampa Bay is Florida's largest estuary, with a surface area of 1031 km 2 . The estuary has a mean depth of 3.7 m (Schmidt & Luther 2002) . Water samples were collected from 3 sampling sites in the bay, 1 near the mouth of the bay, 1 in the center of the bay, and 1 in the northern basin of the bay, known as Old Tampa Bay. The latter sampling site is characterized by long residence times caused by the relatively small freshwater inflows to the northern basin and the physical restriction to tidal water exchange due to causeway constrictions and shoals (Schmidt & Luther 2002) . Samples were collected approximately 3 times per month from April 2002 through April 2003.
The Suwannee River is a blackwater river that originates in the Okefenokee Swamp in southeastern Georgia and winds southward 394 km to the Gulf of Mexico. The Suwannee River, with its tributaries the Alapaha, Withlacoochee, and Santa Fe Rivers, drains approximately 28 500 km 2 of southern Georgia and northcentral Florida. Freshwater discharge is augmented by substantial groundwater contributions from numerous springs along the river. The Suwannee River has the second highest mean annual discharge of any river in Florida, i.e. 301 m 3 s -1
. A network of 34 fixed sampling sites, in coastal waters adjacent to the Suwannee River outflow, was sampled monthly from 1998 to 2003. The locations of the sampling sites were designed to incorporate ecologically distinct regions of the estuary, based on several key physical, chemical, and biological features (Bledsoe & Phlips 2000 , Bledsoe et al. 2004 . The Suwannee River coastal area includes a delta region near the river mouth, which is characterized by a network of oyster reefs. The coastal area is characterized by a shallow mean depth, i.e. generally < 3 m, except in dredged navigational channels and seaward of the oyster reef. Beyond the oyster reef is a broad continental shelf habitat.
Field procedures. Water was collected at the sampling sites using a vertical, integrating sampling tube that captures water from the surface to within 0.1 m of the bottom. Salinity and temperature were measured with a YSI Model 85 and with Hydrolab Quanta environmental multi-probes. Split phytoplankton samples were preserved with Lugol's and gluteraldehyde in 0.1 M sodium cacodylate buffer. Aliquots of water were filtered for chlorophyll a determination. Additional aliquots of water were frozen for subsequent water chemistry analysis.
Laboratory procedures.
Total nitrogen and total phosphorus were determined colorimetrically using the persulfate digestion method (APHA 1989 , Parsons et al. 1984 .
Chlorophyll a was determined with a Hitachi U2000 dual beam spectrophotometer from water samples filtered onto Gelman A/E glass-fiber and extracted with 95% ethanol (Sartory & Grobbelaar 1984) .
Phytoplankton analysis. General phytoplankton composition was determined using the Utermöhl method (Utermöhl 1958) . Samples preserved in Lugol's were settled in 19 mm internal diameter cylindrical chambers. Phytoplankton cells were identified and counted at 400× and 100× with a Leica phase contrast inverted microscope. At 400×, a minimum of 100 cells of a single taxon and 30 grids were counted. If 100 cells were not counted by 30 grids, up to a maximum of 100 grids were counted until 100 cells of a single taxon was reached. At 100×, a total bottom count was completed for taxa > 30 µm. Light microscopy was aided by other techniques for proper identification, such as the squash technique (Steidinger 1979) and scanning electron microscopy .
Fluorescence microscopy was used to enumerate picoplanktonic cyanobacteria (Fahnenstiel & Carrick 1991) . Subsamples of seawater were filtered onto 0.2 µm pore Nuclepore filters and mounted between a microscope slide and cover slip with immersion oil. These were stored in the freezer and counted within 72 h using a Nikon research microscope equipped with autofluorescence (green light 530 to 560 nm excitation and > 580 nm emission).
Cell biovolumes were estimated by assigning combinations of geometric shapes to fit the characteristics of individual taxa. Specific phytoplankton dimensions were measured for at least 30 randomly selected cells. Volumes were calculated for each cell from which a mean cell volume was derived (Smayda 1978) . The total biovolume per sample was the sum of the estimated cell volumes for each species. Mean biovolume for Pyrodinium bahamense var. bahamense was 67 064 µm 3 . Statistical analysis. Canonical correspondence analysis (CCA; PC-ORD, v. 4.0) is a direct gradient analysis technique that constrains the extracted pattern to linear combinations of the measured environmental variables (ter Braak 1987) . CCA was used to characterize the relationships among Pyrodinium cell density and relative abundance (% of total phytoplankton biovolume), and 5 environmental variables, salinity, temperature, total phosphorus (TP), total nitrogen (TN), and water retention time index (RTI). Prior to statistical analysis, all variables were transformed using the [log 10 (x + 1)] transformation. The contribution of each set of variables was estimated independently using the sum of canonical eigenvalues, and the statistical significance was assessed by Monte Carlo permutation tests of the sum of all eigenvalues, using 1000 permutations.
RESULTS
The most general spatial pattern revealed by the available data was the absence of Pyrodinium bahamense var. bahamense north of the Matanzas Inlet on the east coast of Florida and north of Tampa Bay on the west coast of Florida (Fig. 1) . South of these 2 regions the presence of P. bahamense var. bahamense showed both temporal and spatial variability. Among the sites where P. bahamense var. bahamense was observed, there was considerable variability in the frequency of occurrence and the maximum biomass attained by P. bahamense var. bahamense (Table 1) . Three regions were particularly abundant in P. bahamense var. bahamense: Florida Bay, Tampa Bay, and the Indian River Lagoon. The eastern part of Florida Bay had the highest frequency of occurrence (Table 1) , but not the highest biomass or relative importance in terms of total phytoplankton biovolume (Fig. 2) . The highest P. bahamense var. bahamense biomass was observed in the inner reaches of Tampa Bay and the northern portion of the Indian River Lagoon, with cell densities of up to 380 and 776 cells ml -1 and cell biovolumes of up to 25 and 50 × 10 6 µm 3 ml -1
, respectively (Figs. 3 & 4) . The latter regions also exhibited the greatest dominance of P. bahamense var. bahamense in terms of total phytoplankton biomass. In both regions P. bahamense var. bahamense represented > 80% of total phytoplankton biovolumes on numerous occasions (Figs. 3 & 4) .
In regions where Pyrodinium bahamense var. bahamense was prominently represented, different temporal patterns of abundance were discernible. In the tropical/subtropical environment of Florida Bay, P. bahamense var. bahamense was observed nearly yearround (Fig. 2) . In the subtropical/warm temperate environments of the Indian River Lagoon and Tampa Bay, P. bahamense var. bahamense was generally restricted to the warm season, i.e. April through October (Figs. 3 & 4) . Outside the periods of P. bahamense var. bahamense dominance, other taxa, like picoplanktonic cyanobacteria or diatoms, often showed peaks in abundance, as exemplified in the phytoplankton record for Tampa Bay (Fig. 5) .
From a broader temporal perspective, the distribution of Pyrodinium bahamense var. bahamense in the Indian River Lagoon showed a response to longer term climatic cycles, like El Niño and La Niña, and stochastic rainfall events. Over the 9 years of sampling in the Indian River Lagoon from 1997 to 2005, P. bahamense var. bahamense abundance was low during the pro-longed drought period from the fall of 1998 through the early summer of 2001 (Fig. 4) . By contrast, P. bahamense var. bahamense densities were dramatically elevated during the high rainfall period from the summer of 2001 through 2004 (Fig. 4) . Similarly, large blooms of P. bahamense var. bahamense were observed in the summer of 2002 in Tampa Bay (Fig. 3) .
The spatial and temporal patterns of Pyrodinium bahamense var. bahamense occurrence and abundance observed in this study provided an opportunity to examine relationships with environmental factors that may play a role in the distribution of the species. The relationships between temperature and abundance in the Indian River Lagoon, Tampa Bay, and Florida Bay support the notion that P. bahamense var. bahamense is restricted to periods of high temperature (Fig. 6 ). In general, P. bahamense var. bahamense was only observed at water temperatures of 20°C or greater. Blooms were largely confined to temperatures > 25°C. A few exceptions to this rule were observed. For example, P. bahamense var. bahamense was observed in a sample from Florida Bay when the water temperature at the time of sampling was 15°C. However, closer examination of the temperature record for Florida Bay indicated that the 15°C temperature was a result of a strong cold front that briefly depressed water temperatures in the shallow reaches of the bay. Immediately prior to the cold front, water temperatures were near 25°C, well within the hypothesized optimal range for P. bahamense var. bahamense. Similar explanations were applicable for the other occasions when P. bahamense var. bahamense was observed at temperatures < 20°C. For ecosystems north of Florida Bay, observations of P. bahamense var. bahamense near or < 20°C were all confined to the fall season and were all closely preceded by periods of higher water temperatures. It is important to note that all of the ecosystems included in this study had warm-season temperatures that reached 30°C ( which temperatures exceeded 20°C, as well as the lowest temperatures observed, were both lower at sites in the northern half of the Florida peninsula. The prominence of Pyrodinium bahamense var. bahamense in a number of tidally restricted lagoons and bays in Florida suggested 2 additional factors for consideration in defining the basis for the distribution of the species: salinity and water residence times. The observations included in this study demonstrate that P. bahamense var. bahamense can tolerate a broad range of salinities. Within the 3 most flow-restricted regions included in this study (i.e. the northern Indian River Lagoon and the inner basins of Florida Bay and Tampa Bay), P. bahamense var. bahamense was observed at salinities from 14 to 46 and formed blooms over almost the same range, i.e. 16 to 42 (Fig. 7) . However, a number of other sampling sites, with wide ranges in salinities, did not contain P. bahamense var. bahamense, including the St. Johns River estuary, the Guana-Tolomato River, the Halifax River, Smith Creek, the Suwannee River estuary, and most of the Matanzas River (Table 1) .
In terms of water residence time, all of the regions associated with blooms of Pyrodinium bahamense var. bahamense were characterized by long residence times, including the northern region of the Indian River Lagoon and the inner reaches of Tampa Bay and Florida Bay. Conversely, P. bahamense var. bahamense was largely absent from regions noted for high tidal mixing rates and/or river flushing rates (Table 1) . The exceptions to this pattern were the Matanzas and New Smyrna Inlets, where P. bahamense var. bahamense was observed on 1 date in 2001. These observations may be related to washout from more flowrestricted regions of the Matanzas and Halifax River Lagoons, respectively. This is supported by the fact that the observations were both in August of 2001, the beginning of a high rainfall period in northeast Florida. Another factor that was considered in the control of Pyrodinium bahamense var. bahamense distribution was nutrient regime. In terms of total phosphorus, P. bahamense var. bahamense was observed in both the most oligotrophic reaches of eastern Florida Bay, with a mean total phosphorus concentration of 8 µg l -1
, and in the nutrient-rich Tampa Bay, where total phosphorus concentrations regularly exceed 100 µg l -1 (Table 2 , Fig. 8 ). In the Indian River Lagoon, P. bahamense var. bahamense was observed at bloom levels over a wide range of total phosphorus concentrations (Fig. 8) , but was not prominently represented in the most phosphorus-rich region of the lagoon between Sebastian and Ft. Pierce, where total phosphorus concentrations ranged up to 330 µg l -1 . The relationship between total phosphorus concentration and overall P. bahamense var. bahamense abundance was therefore weak. However, there was a relationship between peak abundances (i.e. >100 cells ml -1 ) and total phosphorus concentrations (Fig. 9) . In Tampa Bay there was no apparent relationship between total phosphorus and P. bahamense var. bahamense abundance, although the highest cell densities were observed at TP concentrations >100 µg l -1 . The latter observation is related to the fact that TP concentrations during the sampling period were highest in Old Tampa Bay during the summer, coincident with the location and timing of P. bahamense var. bahamense blooms.
The relationship between total nitrogen and Pyrodinium bahamense var. bahamense abundance was somewhat less defined than the relationship with total phosphorus. As in the case of phosphorus, P. bahamense var. bahamense was observed over a wide range of total nitrogen concentrations in the Indian River Lagoon, Tampa Bay, and Florida Bay (Fig. 10 ). In the Indian River Lagoon and Florida Bay, peak abundances appeared to increase with total nitrogen concentration (Fig. 10) , despite the lack of a strong overall relationship between abundance and total nitrogen concentration. In Tampa Bay, there appeared to be a threshold total nitrogen concentration for the occurrence of P. bahamense var. bahamense of about 600 µg l -1 (Fig. 10) , similar to the threshold phenomena observed for total phosphorus, for analogous reasons.
From a broader perspective, there was no clear trend among the sampling regions in the mean total nitrogen, total phosphorus, or TN/TP ratios that were associated with Pyrodinium bahamense var. bahamense (Table 2 ). In the 3 ecosystems where P. bahamense var. bahamense was most prominent (Florida Bay, Tampa Bay, and Indian River Lagoon), mean TN concentrations ranged from 567 to 1532 µg l -1 , mean TP concentrations ranged from 8 to 100 µg l -1 , and TN/TP ratios ranged from 6.5 to 116.7. Similar ranges for these parameters were observed in ecosystems where P. bahamense var. bahamense was seldom observed (Tables 1  & 2) , although the exceptionally high TN/TP ratios and low TP values observed in Florida Bay were unique to that ecosystem.
In a further effort to examine possible linkages between Pyrodinium bahamense var. bahamense abundance and key environmental variables, CCA was applied to a combined data set from Florida Bay, Indian River Lagoon, and Tampa Bay. The relationships between P. bahamense var. bahamense biomass (cell density and relative abundance) and both water residence time and total phosphorus concentration were (Fig. 11) . Centroids of Pyrodinium (density and relative abundance) were located closer to the right side of the diagram, corresponding to a longer water retention time (RTI), higher than average total phosphorus, and lower than average salinities (Fig. 11) . As the temperature threshold for Pyrodinium blooms was observed to be approximately 25°C, we limited the CCA analysis to temperatures > 25°C. Therefore, the effect of temperature on Pyrodinium abundance was limited, and no significant correlations were observed. The first 2 canonical axes explained 31.2% of the cumulative variance for Pyrodinium abundance. The top 2 environmental factors that correlated significantly (p < 0.05) with Canonical Axis 1 included: the RTI (r = 0.62) and salinity (r = -0.76). The environmental factor that correlated significantly (p < 0.05) with Canonical Axis 2 was TP (r = -0.60). Monte Carlo permutation tests showed that the first 2 canonical axes were significant (eigenvalue = 0.006, p < 0.05 and eigenvalue = 0.001, p < 0.05, respectively).
DISCUSSION
The environmental factors that dictate the distribution and dynamics of phytoplankton taxa have been extensively discussed in the literature (Margalef 1978 , Margalef et al. 1979 , Smayda 1980 , 1997 , Sournia 1982 , Paerl 1988 , Reynolds 1988 , 1995 , Hallegraeff 1993 , Reynolds & Smayda 1998 , Smayda & Reynolds 2001 . For the purpose of this discussion, it is useful to consider these factors from 3 different perspectives: (1) inherent ecophysiological limitations for survival and reproduction, (2) environmental regulation of growth and standing crop potential, and (3) competition with other taxa.
Ecophysiological limitations
The first category of environmental factors that can affect the success of Pyrodinium bahamense var. bahamense are those that relate to the inherent physiological limitations of the alga, in terms of survival and reproductive success. Within this category, temperature appears to be a key factor dictating presence and absence. P. bahamense has long been regarded as a tropical species, given its prominence in the Indo-Pacific (Maclean 1989 , Azanza & Taylor 2001 and Caribbean regions of the North Atlantic (Plate 1907 , Margalef 1961 Balech 1985 , Phlips et al. 2004a and apparent absence at higher latitudes. The results of the present study support the importance of temperature as a limiting factor for the distribution of P. bahamense var. bahamense. However, on the Florida peninsula P. bahamense var. bahamense is not limited to the tropical/sub-tropical habitats of Florida Bay, where it occurs nearly year-round, but extends into the subtropical/warm temperate regions of central and northern Florida, where vegetative cells appear in the water column in the warm season, when temperatures exceed 20°C.
The actual biogeographical northern boundary for Pyrodinium bahamense var. bahamense is difficult to define with the information currently available. In terms of temperature alone, it is likely that the bound- The absence of reports of P. bahamense in these regions could be attributable to a shortage of observational information for certain areas, as well as the lack of appropriate habitat or seed banks of viable cysts. Another obvious factor for consideration is salinity tolerance. The salinity range over which Pyrodinium bahamense var. bahamense was observed in this study indicates that 10 may be near the lower limit of its tolerance, while the upper limit extends at least to a salinity of 45. The fact that Pyrodinium not only appears over such a broad range of salinities, but has been observed at bloom concentrations over nearly the same range, demonstrates its euryhaline character. This observation helps to explain the success of P. bahamense var. bahamense in Florida ecosystems subject to large and variable inputs of freshwater, such as Tampa Bay and the Indian River Lagoon. Similar observations have been made for P. bahamense var. compressum in the Indo-Pacific region, where a linkage has been made between rainfall-induced mesohaline conditions and blooms (Azanza & Taylor 2001) , although the minimum salinity for growth in culture has been reported to be between 16 and 20 (Usup & Azanza 1998) .
Beyond the general trends in salinity and temperature tolerance indicated by the aforementioned empirical correlations, the scarcity of experimental data on the physiological limitations of Pyrodinium bahamense var. bahamense preclude more definitive conclusions about its potential range. Similarly, in terms of absolute growth requirements, the minimal nutrient and light requirements for the survival and reproduction of P. bahamense var. bahamense have not been specifically defined. It clearly flourishes in shallow, light-rich coastal ecosystems subject to significant nutrient loads, such as the Indian River Lagoon and Tampa Bay. By contrast, it is also a prominent feature of the phytoplankton community in the phosphorus-limited eastern region of Florida Bay, although it does not reach bloom concentrations, likely due to limited nutrient availability. Clearly, P. bahamense var. bahamense is capable of surviving in environments of varying inorganic phosphorus concentrations.
Other important factors in the success of Pyrodinium bahamense var. bahamense are the benthic habitat requirements for the survival and germination of resting spores (Anderson 1989 , Villanoy et al. 1996 , Sombrito et al. 2004 . The prominence of the species in flow-restricted portions of shallow estuaries with organically enriched sediments, such as the Indian River Lagoon and Tampa Bay, indicates that these types of benthic habitat can be favorable for the survival and eventual germination of resting cells. The prominence of P. bahamense var. bahamense in eastern Florida Bay, which is characterized by a thin layer of organically poor, calcium-carbonate-rich sediments, manifests the flexibility of resting cells to a range of sediment conditions. It is possible that the depth of an ecosystem, rather than specific sediment types, may be a factor in the success of P. bahamense var. bahamense, particularly as it relates to light availability and the potential for wind-induced resuspension of cysts (Anderson 1989 , Villanoy et al. 1996 , Sombrito et al. 2004 ). Results of canonical correspondence analysis for the relationships between 2 measures of importance of P. var. bahamense cell density and relative abundance (% of total phytoplankton biovolume), and 5 environmental variables, salinity, temperature, total phosphorus (TP), total nitrogen (TN), and water retention time index (RTI). The data used were restricted to temperatures > 25°C, since this appears to be a threshold level for the significant presence of the species. The length of the variable arrows is proportional to the rate of change for that variable
Environmental regulation of growth and standing crop
The second category of environmental factors that can effect the success of Pyrodinium bahamense var. bahamense includes those that influence productivity and standing crop potential. These factors directly or indirectly affect the gain and loss processes associated with the dynamics of phytoplankton standing crops, such as water residence time, flushing rates, light availability, nutrient availability, temperature, grazing, and sedimentation. The potential importance of water residence time is indicated by the observation that all of the estuarine habitats in Florida where P. bahamense var. bahamense dominate the phytoplankton community, and/or formed blooms, are characterized by long residence times, including the northern Indian River Lagoon and the inner basins of Florida Bay and Tampa Bay. The role of residence time in defining the standing crop potential of P. bahamense var. bahamense is supported by the results of CCA, which identifies a strong relationship between abundance and residence time. The latter relationship may, in part, be a consequence of the relatively low maximum growth rates reported for the species (Seliger et al. 1970) , placing it at a disadvantage in short residence time ecosystems, relative to faster growing taxa.
Conversely, Pyrodinium bahamense var. bahamense was absent or occurred at low concentrations in regions of short residence time, such as the outer regions of Tampa Bay and Florida Bay, the Suwannee estuary, and the St. Johns River, as well as regions of the Guana River, Tolomato River, Matanzas River, and Indian River Lagoon near inlets to the Atlantic Ocean. Margalef (1961) similarly noted that blooms of P. bahamense in Puerto Rico are generally confined to Phosphorescent Bay, a region characterized by long water residence times. By contrast, P. bahamense var. bahamense is either absent, or present at low concentrations, in habitats of shorter water residence time along the coast of Puerto Rico. Short residence times can be associated with open, unrestricted coastal waters subject to high rates of tidal mixing or embayments with large inputs of water from major rivers. The St. Johns and Suwannee River estuaries, as well as many of the estuaries in the northern Gulf of Mexico (Livingston 2001 , Murrel & Lores 2004 , fall into the latter category.
Another factor that may directly affect the abundance of Pyrodinium bahamense var. bahamense is nutrient availability. In this study, the 2 regions with the highest P. bahamense var. bahamense abundances, the northern Indian River Lagoon and the inner basin of Tampa Bay, are both characterized by high total phosphorus and total nitrogen concentrations (Phlips et al. 2002 , 2004b , Badylak et al. 2006 ).
While there is little doubt that the availability of bioavailable nutrients is an essential component of biomass potential, there are questions about the relative importance of nutrient limitation of phytoplankton growth in such ecosystems relative to other factors, such as water residence time or light availability. The results of canonical analysis suggest that a relationship exists between total phosphorus and P. bahamense var. bahamense abundance, although the relationship is not as strong as with residence time.
The relatively long phytoplankton record available for the Indian River Lagoon provides an opportunity to examine the relationship between nutrient concentration and Pyrodinium bahamense var. bahamense abundance in greater detail. While the overall relationships between P. bahamense var. bahamense abundance and the 2 major nutrient elements for phytoplankton growth, phosphorus and nitrogen, are weak, there is a relatively strong regression relationship between total phosphorus concentration and P. bahamense var. bahamense abundance during major blooms, defined as concentrations of >100 cells ml -1 . The importance of phosphorus availability for algal growth in the northern Indian River Lagoon is supported by the results of recent bioassay research, which indicate the potential for phosphorus limitation of phytoplankton growth in the northern Indian River Lagoon, particularly in the summer (Phlips et al. 2002) . It may seem unusual that phytoplankton biomass in saltwater ecosystems with high total phosphorus concentrations, such as the Indian River Lagoon, could be phosphorus limited, but it is important to recognize that soluble reactive phosphorus (SRP) concentrations can reach low levels (i.e. < 5 µg l -1 ) during the summer bloom season, despite high total phosphorus levels.
The role of phosphorus availability in the control of the Pyrodinium bahamense var. bahamense bloom potential in the Indian River Lagoon is further indicated by the observation that most of the major blooms within the 8 yr study period coincided with the period of elevated rainfall from the summer of 2001 through 2004, during which total phosphorus levels in the region were enhanced (Phlips et al. 2004a, b) . The positive role of the rainfall-induced nutrient load from terrestrial watersheds in the formation of coastal Pyrodinium blooms has previously been suggested as an important process in the Indo-Pacific (Azanza & Taylor 2001) . Azanza & Taylor (2001) suggest that blooms of P. bahamense var. compressum are frequently associated with El Niño periods of elevated rainfall. The temporal patterns of P. bahamense var. bahamense blooms observed in the Indian River Lagoon appear to support this hypothesis.
It has also been suggested that the release of humic substances from nearshore plant communities, such as mangroves, may be favorable for Pyrodinium bahamense var. bahamense (Usup & Azanza 1998) . Whether this enhancement is related to nutrient availability or some other processes remains to be definitively resolved. Within the scope of the present study, some of the ecosystems where P. compressum var. bahamense was observed are closely associated with mangroves, such as eastern and north-central Florida Bay. But the presence of mangroves is not a good predictor of P. bahamense var. bahamense abundance in Florida, as indicated by the general scarcity of the species in western and southern Florida Bay, despite extensive mangrove populations.
Competitive strategies
While the importance of long water residence times and nutrient availability in promoting high phytoplankton standing crops in coastal ecosystems is well established (Monbet 1982 , Paerl 1988 , Knoppers et al. 1991 , Richardson & Jørgensen 1996 , it does not explain the specific reasons why Pyrodinium bahamense dominates certain blooms, as opposed to other species known to reach bloom proportions in the same regions at other times, such as the cyanobacterium Synechocystis in the Indian River Lagoon and Tampa Bay (Badylak et al. , 2006 , or Synechococcus in Florida Bay (Phlips et al. 1999) . In order to address the latter question it is necessary to examine the factors that drive succession and other spatial or temporal variations in phytoplankton composition (Smayda 1989 , Reynolds & Smayda 1998 , Smayda & Reynolds 2001 . This level of control focuses on attributes that provide P. bahamense var. bahamense with a competitive advantage over other species common to shallow warm-water ecosystems with long water residence time.
The results of this study reveal that Pyrodinium bahamense var. bahamense is capable of attaining a position of dominance (i.e. relative abundance) in a broad range of environments, from nutrient-poor to nutrient-rich habitats, and over a wide range of salinities. Given sufficient nutrient availability, it can form extensive blooms, which, due to its toxicity, can have significant implications for the structure of impacted ecosystems and, potentially, for human health (Landsberg 2002 . The single unifying theme in the success of P. bahamense var. bahamense that arises from observations in Florida is that mixed salinities, shallow depths, and long water residence times are characteristic of all of the environments where P. bahamense var. bahamense is found in significant numbers. We forward 3 hypotheses that tie these observations to the issue of competitive strategies: (1) the euryhaline character of P. bahamense var. bahamense allows it to out compete more stenohaline taxa in ecosystems with temporally variable salinity regimes, (2) the toxin-producing capability of P. bahamense var. bahamense reduces top-down control of standing crop potential, and (3) the relatively slow growth rates of P. bahamense var. bahamense may preclude it from competing successfully with fastergrowing phytoplankton in environments with short water residence times and/or persistent high nutrient loading rates. Conversely, large size and motility may provide P. bahamense var. bahamense with an ability to search for and store nutrients in more stable water columns, when the supply of new inorganic nutrients is more restricted or episodic.
In terms of the first hypothesis, the broad range of salinities over which Pyrodinium bahamense var. bahamense occurs in Florida (i.e. 10 to 45) demonstrates the euryhaline character of the species and undoubtedly provide it with a selective advantage over more stenohaline taxa, particularly in estuarine environments subject to rapid and substantial shifts in salinity. This attribute helps to explain the observed ability of P. bahamense var. bahamense to form blooms during high rainfall periods, in the flow-restricted regions of the Indian River Lagoon, Tampa Bay, and Florida Bay, during which salinities can drop rapidly. However, P. bahamense var. bahamense is not alone in its tolerance to salinity variation. For example, certain species of cyanobacterial picoplankton and small-celled diatoms, like Skeletonema costatum and Pseudo-nitzschia, have been shown to exhibit a wide range of tolerance to salinity (Rijstenbil 1988 , Phlips et al. 1989 , 2004a . As might be expected, the latter taxa have been observed to form blooms in many of the same regions of Florida subject to P. bahamense var. bahamense blooms, including the Indian River Lagoon , Phlips et al. 2004a ), Tampa Bay (Badylak et al. 2006) , and Florida Bay (Phlips et al. 1999) . This observation mandates further exploration of other factors that allow the large, motile, but slow-growing P. bahamense var. bahamense to dominate over faster-growing phytoplankton.
One of the most striking features of Pyrodinium bahamense var. bahamense that sets it apart from many of its potential euryhaline competitors is the ability to produce saxitoxin, a powerful neurotoxin . It has been suggested that top-down control of populations of toxic algae may be diminished by the inhibition of grazing activity attributable to the presence of toxins (Turner & Tester 1997) . The importance of differential grazing inhibition may be accentuated in estuarine habitats subject to long water residence times, because such bodies of water have the potential for generating higher zooplankton concentrations than rapidly flushed systems, due to the growth-rate limitations of many zooplankton. A similar argument could be made for benthic filter-feeding macroinvertebrates, which can be very abundant in shallow estuarine habitats and may selectively avoid consumption of toxic algae (Shumway 1990 ). However, the role of algal toxins in the control of grazing is variable and often species specific (Turner et al. 1998) ; therefore, it is not possible to estimate the relative importance of this phenomenon in P. bahamense var. bahamense dynamics without further information.
Given the difficulty of defining the relative importance of either salinity tolerance or toxicity to the success of Pyrodinium bahamense var. bahamense, it is important to extend the discussion into the broader realm of resource and habitat competition. The relationships between P. bahamense var. bahamense and the environment observed in this study generally fit, with some caveats, into the model of phytoplankton succession described by Margalef in the Mandala model (Margalef 1978 , Margalef et al. 1979 and later revised by Reynolds & Smayda (Reynolds & Smayda 1998 , Smayda & Reynolds 2001 , including the concepts presented as the Intaglio and C-S-R life-form strategies. Margalef argues in the Mandala model that the primary forces driving the success of dinoflagellates can be viewed on 2 environmental axes, turbulence and nutrient availability (Margalef et al. 1979 ). On the turbulence axis, dinoflagellates are favored by low turbulence and stratified water columns due to their intolerance to the physical stress of mixing, as opposed to better adapted taxa, like diatoms (Margalef et al. 1979) . Modifications of this generalization have been proposed by Smayda (2002) , who points out many exceptions to the relationship between water column stability and the success of dinoflagellates. Alternatively, Smayda proposes that the appearance of dinoflagellate blooms under stratified conditions is more coincidental than causal. He points out that the swimming ability of dinoflagellates is sufficient to deal with the typical mixing velocities encountered in most coastal ecosystems.
The results of the current study do not provide definitive corroboration for either view, although blooms of Pyrodinium bahamense var. bahamense are generally more frequent in the summer season in Florida, which is characterized by calmer winds than in the winter or spring. Similarly, the tidally restricted habitats where P. bahamense var. bahamense forms large blooms, such as the northern Indian River Lagoon and the northwest basin of Tampa Bay (i.e. Old Tampa Bay), would be considered relatively low-turbulence environments, compared to bays or coastal shelf habitats characterized by strong tidal mixing. However, blooms of similar magnitude occur in both narrow parts of the northern Indian River Lagoon, characterized by limited wind fetch, and in the large open areas of the lagoon subject to strong wind mixing. At the same time, all of the habitats within the Indian River Lagoon and Tampa Bay where P. bahamense var. bahamense is abundant are shallow (typically < 3 m) and normally polymictic, with little vertical stratification. It appears that P. bahamense var. bahamense blooms can occur over a considerable range of mixing conditions in terms of energy, albeit not necessarily in terms of mixing depth. Although most of the ecosystems included in this study were shallow, only a portion had significant populations of P. bahamense var. bahamense, indicating that depth may be a co-factor or possibly a prerequisite for the success of this species, but not without the influence of other contributing factors. The influence of depth on the distribution of P. bahamense var. bahamense may be more related to light availability than the physical aspects of turbulence. The scarcity of information on the light preference of P. bahamense var. bahamense precludes testing this hypothesis.
In terms of the nutrient availability axis, it is useful to go beyond the Mandala model and explore the C-S-R life-form strategy model, originally developed for freshwater phytoplankton (Reynolds 1995) and later applied to marine assemblages (Reynolds & Smayda 1998 , Smayda & Reynolds 2001 . Reynolds & Smayda (1998) describe 3 basic life-form strategies for phytoplankton: (1) 'C' species-small celled (biovolumes <1000 µm 3 ), fast growing, and high nutrient preference; (2) 'S' species-large celled (biovolumes >10 000 µm 3 ), slow growing, high light preference, motile, and toxic or not eaten; and (3) 'R' speciesintermediate size, intermediate growth rate, low light tolerant, and adapted to well-mixed environments. Most of the characteristics of Pyrodinium bahamense var. bahamense fit into the 'S' category, including large size, slow growth rates (Seliger et al. 1970) , motility, toxin production , and apparent preference for shallow, light-rich environments. If the Reynolds' Intaglio model (Fig. 12) is applied to the question of spatial and temporal distribution, one would expect P. bahamense var. bahamense to be favored in environments with shallow mixing depths and during summer periods, when the immediate availability of inorganic nutrients is diminished or sporadic, even though the total potential nutrient pool (i.e. TP and TN), and therefore long-term biomass potential, may still be high.
As detailed in previous sections of the discussion, Pyrodinium bahamense var. bahamense often dominates the phytoplankton community in terms of relative biomass (i.e. percent of total phytoplankton biovolume) in the P-limited eastern basin of Florida Bay, despite the overall low standing crops of phytoplank-ton in the region (Phlips et al. 1999) . At the same time, it forms major blooms in the shallow, nutrient-rich regions of the Indian River Lagoon and Tampa Bay, but, in the summer and fall, when bioavailable inorganic nutrient levels are reduced. The observations of P. bahamense var. bahamense in both oligotrophic and eutrophic ecosystems may seem somewhat counter-intuitive, unless the issues of nutrient availability and utilization are viewed on multiple temporal scales. It is important to distinguish between the immediate rapid growth response to large nutrient pulses versus a more sustained strategy of nutrient accumulation and growth over time in an environment of smaller nutrient pulses. Spring rainfall events have the potential to produce significant inputs of bioavailable inorganic phosphorus and nitrogen, based on washout of nutrients accumulated in the watershed over the winter. The latter pulses may favor 'C'-selected, fast-response-type species. It is interesting to note that outside of periods of P. bahamense var. bahamense blooms in the Indian River Lagoon and Tampa Bay, picoplanktonic cyanobacteria or small-celled diatoms are often abundant , 20006, Phlips et al. 2004a . This relationship is illustrated by the observed patterns of P. bahamense var. bahamense and cyanobacterial picoplankton abundance in Tampa Bay, where blooms of cyanobacterial picoplankton and small-celled diatoms, such as Skeletonema costatum, preceded and followed summer blooms of P. bahamense var. bahamense. The latter observation fits into the overall successional scheme described in the Intaglio model, which predicts a rise in the prominence of 'C' species, like picoplankton, under conditions of high bioavailable nutrient load and elevated wind mixing, followed by a rise in 'S' species, like P. bahamense, as the relative amount of immediately available inorganic nutrients is diminished and the water column becomes more stable. The synchrony between picoplanktonic cyanobacterial blooms and the P. bahamense var. bahamense blooms observed in Tampa Bay also suggest the possibility that P. bahamense var. bahamense may engage in phagotrophy on picoplankton, as has been demonstrated for some other dinoflagellate taxa (Stoecker et al. 1997) , although there is currently no direct evidence to support this hypothesis.
From a physiological perspective, the large size of Pyrodinium bahamense var. bahamense may provide greater potential for nutrient storage. Slower growth rates, under conditions of smaller pulses of nutrients emanating from summer storm outflows from local watersheds and through internal recycling of nutrients, may allow the species to sustain high biomass levels. For example, the rainfall events in the relatively small watersheds that feed the northern Indian River Lagoon and the northwest region of Tampa Bay (i.e. Old Tampa Bay) generate comparatively small pulses of nutrients, setting up conditions for the accumulation of P. bahamense var. bahamense biomass. During the high rainfall period of 2001 through 2004 repeated pulses of phosphorus-rich water into the northern Indian River Lagoon were associated with frequent rainfall events, coinciding with the buildup of blooms (Phlips et al. 2004a, b) . In an analogous way, the slow growth and hypothesized nutrient storage capability of P. bahamense var. bahamense help to explain its success in the strongly phosphorus-limited eastern Florida Bay, despite the lack of bloom potential.
In contrast to the success of Pyrodinium bahamense var. bahamense in the northern area of the Indian River Lagoon, it is generally absent in the central portion of the lagoon, during both drought and flood conditions. Two fundamental differences between the northern and central lagoon may help to explain this disparity: (1) the large, nutrient-rich watersheds that feed into the central lagoon result in a much larger water volume and nutrient loads than experienced in the northern lagoon, particularly in flood years and (2) because of the large watershed inputs and relative proximity of inlets (at Sebastian and Ft. Pierce) to the Atlantic Ocean, water residence times in the central lagoon are more strongly impacted by changes in rainfall than those in the northern Indian River Lagoon (Phlips et al. 2004b) .
Overall, the spatial and temporal patterns of the distribution of Pyrodinium bahamense var. bahamense support the proposal of Smayda and Reynolds that 'life form properties, habitat preference and stochastic se- lective processes are more important in defining the character and magnitude of blooms than broad phylogenetic patterns' (Reynolds & Smayda 1998 , Smayda & Reynolds 2001 . In Florida, one of the most important stochastic processes that impact the potential for blooms is the temporal shift in rainfall, which directly effects several key factors that influence the success of P. bahamense var. bahamense, including water residence time, nutrient availability, and salinity variation. This is illustrated by the substantial rise in the frequency and intensity of P. bahamense var. bahamense blooms in the northern Indian River Lagoon during the high rainfall period from the summer of 2001 through 2004, compared to the drought years from 1998 through the spring of 2001. Rainfall patterns act as temporal modifiers of water residence time, nutrient availability, and salinity regime, while the basic physical, chemical, and biological characteristics of individual ecosystems, such as depth (in terms of light availability), basin morphology (in terms of flow restriction), watershed characteristics (in terms of nutrient richness and volume water displacement), and the structure of food webs (in terms of grazer response to toxins) define the specific environmental conditions experienced by P. bahamense var. bahamense.
